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In multi-pulse laser wakeﬁeld acceleration (MP-LWFA) a plasma wave is driven by a train of low-energy
laser pulses separated by the plasma period, an approach which offers a route to driving plasma
accelerators with high efﬁciency and at high pulse repetition rates using emerging technologies such as
ﬁbre and thin-disk lasers. Whilst these laser technologies are in development, proof-of-principle tests of
MP-LWFA require a pulse train to be generated from a single, high-energy ultrafast pulse. Here we
demonstrate the generation of trains of up to 7 pulses with pulse separations in the range 150–170 fs
from single 40 fs pulses produced by a Ti:sapphire laser.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Laser-driven plasma accelerators can accelerate electrons to
energies of several GeV in accelerator stages of only a few centi-
metres [1], and as such they have potential applications in driving
compact light sources [2] and, in the longer term, new generations
of particle colliders [3]. However, many of these applications will
require the accelerator to operate at pulse repetition rates sub-
stantially above the few Hertz possible with today's driving lasers.
A potential solution is the multi-pulse laser wakeﬁeld accelerator
(MP-LWFA), in which the plasma wave is driven by a train of low-
energy laser pulses separated by the plasma period [4]; this allows
the use of new laser technologies which can generate low-energy
pulses at multi-kilohertz repetition rates and with high wall-plug
efﬁciency.
Whilst these laser technologies are being developed, proof-of-
principle tests of MP-LWFA require a pulse train to be generated from
a single, high-energy ultrafast pulse. Several methods of pulse train
generation have been investigated including the use of stacked
Michelson interferometers [5] and a linear array of birefringent plates
[6]. Here we investigate pulse train generation by twomethods based
on spectral ﬁltering of a chirped pulse by: (i) a combination of a
multi-order wave plate and a linear polarizer [7–9]; and (ii) a single
Michelson interferometer.r B.V. This is an open access article
.J. Shalloo).2. Pulse train generation with a spectral ﬁlter
Spectrally ﬁltering a chirped pulse will generate a temporally-
modulated pulse, or a pulse train, since the wavelength of a
chirped pulse varies with time. If the spectral chirp is linear, i.e.
the spectral phase is a quadratic function of the angular frequency
ω, then ﬁltering will generate a train of pulses of constant spacing
if the ﬁlter's pass-bands are identical and equally spaced in ω.
2.1. Multi-order waveplate and linear polarizer
Previous work [7–9] using laser pulses with energies below
5 mJ has demonstrated the generation of pulse trains by passing a
chirped pulse through a spectral ﬁlter formed by a combination of
a multi-order wave plate (MWP) of thickness ℓ and a linear
polarizer, as shown in Fig. 1(a). The retardance of the MWP is
ϕret ¼ ð2π=λÞΔnℓ, where Δn is the birefringence of the plate and λ
is the wavelength. If the transmission axis of the linear polarizer is
parallel to the polarization of the incident chirped pulse, and at
45° to the axes of the MWP, then wavelengths for which
ϕret ¼ 2πm, (m, integer) will be transmitted with no loss; other
wavelengths will leave the MWP elliptically polarized and hence
their intensity will be reduced on passing through the polarizer.
The temporal intensity proﬁle of the resulting pulse train will be
equal to that of the incident pulse, modulated by a cosine-squared
function, if the input pulse is linearly-chirped and if the differences
of second- and higher-order dispersion terms for the ordinary and
extraordinary polarizations in the wave plate are small [8].
If a simple transmission polarizer is used in this arrangement
then half of the incident energy is lost. Fig. 1(b) shows an exten-
sion of this idea which utilizes all of the incident energy tounder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. (a) Schematic diagram of the generation of a train of laser pulses from a
chirped input pulse and a multi-order wave plate (MWP) and linear polarizer. If the
linear polarizer is replaced by the arrangement shown in (b), then two co-propa-
gating pulse trains are generated, with orthogonal polarization and with a temporal
delay which depends on the difference in optical path between the upper and
lower arms.
Fig. 2. Michelson interferometer setup used to convert a linearly chirped pulse into
a pulse train by introducing an optical path length difference between the arms.
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spacing between them. A chirped, horizontally-polarized pulse
from the detuned compressor is passed through a MWP with its
axes at 45° to a vertical axis. The transmitted pulse is then directed
to a thin-ﬁlm polarizing beam-splitter (PBS), which reﬂects
(transmits) the horizontally (vertically) polarized components of
the pulse. The transmitted and reﬂected components are retro-
reﬂected by a pair of mirrors located in each arm and returned to
the PBS. This arrangement yields two, orthogonally-polarized
pulse trains which contain (apart from small optical losses) all
the energy in the incident pulse; the retro-reﬂecting mirrors in the
transmitted arm are mounted on a translation stage, which allows
the spacing between the pulse trains to be controlled.
2.2. Michelson interferometer
Spectral ﬁltering can also be achieved using a conventional
Michelson interferometer with an optical path difference of Δx
(Fig. 2). This path difference causes a phase delay of ϕ¼ ð2π=λÞΔx.
When the two pulses recombine at the beamsplitter, wavelengths
for which the total phase difference (allowing for any constant
phase-shift at the beamsplitter) is an even integer multiple times π
will be transmitted to the output with zero loss; it will therefore
convert a linearly-chirped pulse to a pulse train containing half of
the incident energy, with a temporal proﬁle equal to that of the
incident pulse modulated by a cosine-squared function. The
wavelength spacing between successive pulses in the train can be
described by the free spectral range of the system ΔλFSR ¼ λ2=Δx.3. Results
Pulse trains were generated with both methods using the
Astra-Gemini Ti:sapphire chirped-pulse-ampliﬁcation laser sys-
tem at the Rutherford Appleton Laboratory. This system generates
fully compressed laser pulses with an energy of approximately
0.5 J and 40 fs full-width at half maximum (FWHM) duration.
Positively or negatively chirped pulses could be generated by
detuning the spacing of the gratings from optimum in the ﬁnalcompression stage of the CPA system. For the measurements
reported here the compressor gratings were moved 1.287 mm
from the position of optimum compression, to yield a negatively
chirped pulse of approximately 1 ps FWHM. For the MWP method
the optical set-up shown in Fig. 1(b) was employed, but with the
lower arm blocked so that only a single pulse train was generated.
The generated pulse trains were measured using a single-shot
autocorrelator. An acousto-optic programmable dispersive ﬁlter
(AOPDF) [10] was used to compensate for additional third-order
phase introduced by the detuned compressor and, to a lesser
extent, the materials of the pulse train optics. This was done by
adjusting the third-order phase introduced by the AOPDF to
maximize the number of peaks observed in the autocorrelation
trace. The additional third-order AOPDF phase which was required
to generate the optimum pulse trains was typically of order
10;000 fs3; however, it is difﬁcult to relate this ﬁgure to the
third-order phase introduced by the detuned compressor and
pulse train optics since the AOPDF was located before the last
ampliﬁer stage.
The pulse trains generated by both methods were simulated
numerically by: calculating, as a function of frequency (and, for the
MWP method, each polarization), the amplitude transmission of
the grating compressor and the spectral ﬁlter; combining the
measured laser spectrum with the calculated ﬁlter transmission;
and taking the Fourier transform of the deduced spectral ampli-
tude and phase to give the temporal amplitude, and hence the
intensity, proﬁle of the pulse train. The second- and higher-order
spectral phases introduced by the detuned compressor and the
pulse train optics were included in these calculations, but the
AOPDF phase was not since it is not known how the ampliﬁer
stages modify these phase terms.
Fig. 3 compares the measured and simulated autocorrelations
of pulse trains generated by both methods. For the simulations the
parameters of the pulse train optics, such as the Michelson path
length difference and the compressor grating separation, were
allowed to vary within the experimental uncertainty. For both
methods the measured and simulated autocorrelations are seen to
be in good agreement. The lower panels in Fig. 3 show the simu-
lated temporal intensity proﬁle of the pulse train from which the
autocorrelations were calculated; note that although the auto-
correlations are symmetric, the direction of time in the pulse
trains is known since the sign of the spectral chirp in the pulses
leaving the compressor is known. The good agreement between
the measured and calculated autocorrelations enable us to be
conﬁdent that the pulse trains generated in practice are close to
the calculated ones.
Fig. 3. Top: comparison of calculated and measured autocorrelations of pulse trains generated by the MWP (left) and Michelson (right) methods. Bottom: the simulated
temporal intensity proﬁles of the pulse trains used to calculate the associated autocorrelations.
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In conclusion we have demonstrated the generation of trains of
laser pulses, with separations in the range 150–170 fs, by spec-
trally ﬁltering a chirped laser pulse from a CPA laser system. For
the results presented here the trains comprise approximately
7 pulses within the FWHM of the train. Pulse trains with these
parameters are well suited for tests of multi-pulse laser wakeﬁeld
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